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ABSTRACT
Quantum computers are different from binary digital electronic computers based on transistors.
Common digital computing encodes the data into binary digits (bits), each of which is always in one
of two definite states (0 or 1), quantum computation uses quantum bits (qubits). A circuit-based qubit
quantum computer exists and is available for experiments via cloud, the IBM quantum experience
project. We implemented a Quantum Tabu Search in order to obtain a quantum combinatorial
optimisation, suggesting that an entanglement-metaheuristic can display optimal solutions and
accelerate the optimisation process by using entangled states. We show by building optimal coupling
maps that the distribution of our results gave similar shape as shown previous results in an existing
teleport circuit. Our research aims to find which graph of coupling better matches a quantum circuit.
Keywords Tabu search · Quantum computing · Quantum simulations · Combinatorial optimization
1 Introduction
In Quantum Mechanics, a qubit is a quantum system in which the Boolean states 0 and 1 are represented by a pair
of normalised and mutually orthogonal quantum states. The two states form a computational basis and any other
state of the qubit can be written as a linear combination of |0〉 and |1〉: |ψ〉 = α|0〉 + β|1〉 , where α and β are
probability amplitudes and can be complex numbers. A qubit can be in a superposition of both states at the same time.
Multiple qubits can exhibit quantum entanglement - pairs are generated or interact in ways that the quantum state of
each particle cannot be described independently of the state of the other(s) Wittek [2014]. The IBM (International
Business Machines Corporation) Quantum Experience (QX) allows us the possibility to connect to an IBM quantum
processor via the IBM Cloud. We developed a driven quantum version of the Tabu search algorithm Glover [1986],
Glover and Laguna [1997], which has been well understood for solving combinatorial or nonlinear problems Kuo
and Chou [2017]. The experiments were implemented in the Python programming language using the Quantum
Information Software Kit (QISKit) - a software development kit (SDK) for working with the Open Quantum Assembly
Language (OpenQASM) and the IBM QX. We use as backend IBM Q 16 Rueschlikon (16-qubits) and IBM Q 5
Yorktown (5-qubits) simulators. In a quantum-metaheuristic procedure, we challenge the quantum search space to
be maximized, derived from the advantage of interacting quantum technologies with classical implementations. In a
quantum combinatorial optimisation, an entanglement-metaheurisc can uncover optimal solutions and accelerate the
optimisation process by using entangled states. Therefore, we conduct simulation-based experiments with two types of
quantum initial populations. The sample solutions are composed by 16 qubits of combined pairs - with non replacement,
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and with replacement. Until we obtain the best solution, we build the neighborhood, evaluate the system and detect
whether the algorithm falls in a local optimum. In those cases, we perform the entanglement between qubits if they are
unequal; otherwise, we use superposition in the redundant qubit. This particular feature of enhanced-entanglement
showed different best solutions, and different system evaluation according to different combinatorial inputs. The
quantum inherent optimisation allows us to highlight the best solution and algorithm performance according to the
input combined set. We show the application of the proposed research by defining coupling maps for quantum devices
with a driven Tabu search approach.
2 Quantum computing
Quantum programming is like composing, where qubits in superposition interfere and where the quantum programmer
ensures useful interference of qubit states. Experimental measurements disturbs, or can destroy, the wave-like quantum
states. In order to better understand such states through experiments, it is possible to gather detailed properties of the
quantum system by averaging many weak nondisturbing quantum measurements. However, the frontier between what
is quantum and what is classical becomes small when averaging over a large number of weak measurements.
Quantum mechanics allows the qubit to be in a superposition of both states at the same time. In quantum computing, a
qbit or qubit or quantum bits a unit of quantum information. Therefore, a qubit is a two-state quantum-mechanical
system, similar to the polarisation of a single photon, where the two states are vertical polarisation and horizontal
polarisation, since it can be described as a polarised photon. A quantum register of size n is defined by n qubits. A
qubit is a quantum system in which the Boolean states 0 and 1 are represented by a pair of normalised and mutually
orthogonal quantum states. The two states form a computational basis and any other (pure) state of the qubit can be
written as a linear combination of |0〉 and |1〉: |ψ〉 = α|0〉+ β|1〉 , where α and β are probability amplitudes and can be
complex numbers. For example, |ψ〉 = 1√
3
|0〉+
√
2
3 |1〉, with probabilities |α0|2 = 13 and |α1|2 = 23 , and measurement
result 0 and 1, respectively.
In quantum mechanics, bra-ket notation is a standard notation for representing quantum states. In order to calculate the
scalar product of vectors, the notation uses angle brackets 〈 〉, and a vertical bar |. The scalar product is then 〈φ|ψ〉
where the right part is the "psi ket" (a column vector) and the left part is the bra - the Hermitian transpose of the ket (a
row vector).
Qubits Classical States Superposition
α0|0〉 + α1|1〉
1 2 |α|2 + |β|2 = 1
α00|00〉 + α01|01〉 + α10|10〉 + α11|11〉
2 4 |α00|2 + |α01|2 + |α10|2 + |α11|2 = 1∑2n−1
x=0 αx|x〉
n 2n
∑2n−1
x=0 |αx|2 = 1
Table 1: Exponential state space. Where |αi|2 is the probability of finding the qubit in state |i〉 when we measure it (in
the computational basis).
2.1 Superposition
Since a pure qubit state is a linear superposition of the basis states when we measure the qubit, according to the Born
rule, the probability of outcome |0〉 is | 2√α| and the probability of outcome is |1〉 is |β|2, α and β are constrained by the
equation |α|2 + |β|2. Superposition is then similar to waves in classical physics, any two (or more) quantum states can
be added, becoming superposed resulting in a new quantum state - i.e. in 0 and 1 simultaneously, a linear combination
of the two classical states - for example, the states |+〉 = 1√
2
(|0〉+ |1〉) or |−〉 = 1√
2
(|0〉 − |1〉).
2.2 Entanglement
An important difference between a qubit and a classical bit is that multiple qubits can exhibit quantum entanglement -
a physical phenomenon that occurs when pairs or more than two particles are generated or interact in forms that the
quantum state of each particle can’t be described independently of the state of the other(s). In the case of two entangled
qubits in the Bell state 1√
2
(|00〉+ |11〉), an equal superposition, there are equal probabilities of measuring either |00〉 or
|11〉, as | 1√
2
|2 = 12 . Considering the two qubits are entangled qubits separately, Alice’s qubit and Bob’s qubit. Alice
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measure her qubit, obtaining equal probabilities in either |0〉 or |1〉. Since the qubits are entangled, Bob must now get
exactly the same measurement as Alice.
3 Quantum Tabu Search
Some perspectives of Quantum Tabu Search (QTS) have been presented Chiang et al. [2014], Wang et al. [2012].
The classical Tabu Search (TS) is a metaheuristic that explores search spaces and conduct a local heuristic search
procedure to explore the solution space beyond local optimum using a Tabu list with forbidden moves. The algorithm 1
main steps can be briefly described by, a) generating the neighbors, b) evaluating each neighbor and c) getting the
neighbor with maximum evaluation. The algorithm stops at any iteration where there are no feasible moves into the
local neighborhood of the current solution.
The Quantum Tabu Search is proposed for solving combinatorial or nonlinear problems with a Knapsack problem
approach in a quantum procedure: qubit (i), weight (wi) and profit (bi),
f(s) =
n∑
i=1
bisi ∗
(
1−max
(
0,
n∑
i=1
wisi −maxcapacity
))
(1)
where s is the best solution and the goal is to achieve a global optimum by maximizing the quantum parameters.
Coupling maps for quantum devices, can be an application of the QTS, where qubit–qubit couplings are explored based
on combinations of qubits taking into account the maximum number in a given quantum architecture.
A coupling map in quantum architectures is a directed graph representing superconducting bus connections between
qubits Ferrari and Amoretti [2018] as shown in Figure 1.
Figure 1: IBMQX5 connections, 16-qubits.
To obtain the neighbor with maximum evaluation we get the tabu qubit, find the best neighbor position, afterwards
we check if the neighbor is a result of a tabu move, if it is, then we get the position of the qubit and check if it is in a
tabu list. The tabu list is built by storing the qubit considering if the neighbors evaluation is greater that best evaluation.
The best iteration is an incremented value when the condition occurs and the best solution are the neighbors given by
the position of best neighborhood evaluation. The qubit is given by the position that occurs in the range of the length
of the best solution when the best solution differs from the best neighbor. The input and output states will be in a
superposition, so that the qubits can be also entangled.
4 Results: find the best coupling map
In Figure 2a and Figure 2b we present two combinatorial configurations of pairs in 100 runs each. The figures show the
scores for each solution and the respectively number of iterations. A maximum number of iterations do not particularly
mean a high score solution.
To validate our results we choose the quantum teleport circuit1 with parameters initialization and quantum gates
performing operations, such us, Pauli-X (NOT Gate) to obtain a pi-rotation around the X axis where X → X and
Z → −Z (bit-flip), Pauli-Z (Rpigate)) to obtain pi-rotation around the Z axis where X → −X and Z → Z (phase-flip),
Hadamard H to map X → Z , and Controlled-NOT, a two-qubit gate that flips the target qubit (applies Pauli-X ).
a Coupling map = None
b Coupling map = [[0, 1], [0, 2], [1, 2], [3, 2], [3, 4], [4, 2]]
1https://github.com/Qiskit/qiskit-terra
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Result: best solution, evaluation, best iteration
1 initialize quantum population Q(t)
2 while True do
3 if (iteration− bestiteration) > maxquantity then
4 if bestsolution[0] 6= bestsolution[1] then
5 apply CNOT gate
6 else
7 apply H gate
8 end
9 end
10 new neighborhood generation and evaluation
11 if neighborsevaluation > bestevaluation then
12 keep tabu move
13 new better solution sb
14 update Q(t) best evaluation eb
15 increment best iteration ib
16 end
17 end
Algorithm 1: General QTS algorithm
(a) Many pairs combination. (b) Few pairs combination.
Figure 2: 100 runs to find best coupling map.
c Coupling map = [[0, 1], [0, 4], [1, 2], [1, 3], [1, 4], [3, 4]] (Tabu)
Our results show that an quantum coupling map algorithm based on tabu search can produce the same behaviour as not
using any mapping or by setting a predefined map. However, by restricting multi-qubit operations to coupling maps, we
decrease the state decoherence2 in qubits.
5 Conclusion and future work
Quantum computers calculate multiple functions at once, exponentially increasing processing speed with each added
qubit. Feynman [1982], Rieffel and Polak [2000] A quantum computer uses quantum states and dynamics of particles
to store and process information. Transistors have continually decreasing the size, and doubled the power of computers.
When technologies reaches the scale of atoms, quantum effects can disrupt its operations due to effects as tunneling and
entanglement.
QTS allows us to discover solutions efficiently, where the entangled state can solve high-dependency problems, by
using fewer evaluation to determine the global optimum, it also increases the search speed and probes to be a quantum
procedure to escape from local optima. In the future we intend to validate our results by comparing different circuits,
and by displaying all the results in a descending order instead of just the best one. Also, we intend to implement the
2A process that separates states so that they can no longer interfere.
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Figure 3: Quantum teleport circuit.
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(a) Coupling map 1.
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(b) Coupling map 2.
0 0
 0
0 0
 1
0 1
 0
0 1
 1
1 0
 0
1 0
 1
1 1
 0
1 1
 10.00
0.05
0.10
0.15
0.20
0.25
0.30
Pro
bab
iliti
es
0.2
460
94
0.2
460
94
0.2
558
59
0.2
343
75
0.0
058
59
0.0
029
30
0.0
048
83
0.0
039
06
(c) Coupling map 3.
Figure 4: 5-qubits coupling map for quantum teleportation.
algorithm in a D-Wave machine and compare with the current approach. D-Wave Systems has been developing their
own version of a quantum computer that uses annealing, which is different from the gate model based approaches from
IBM. In the D-Wave’s regular (forward) quantum annealing computing approach, we begin with a massive amount of
data that must be mapped to an energy space. This mapping process is actually a mathematical strategy, like simulated
annealing3 or parallel tempering4. This procedure allows to map a highly quantum mechanical state as a superposition
of all the potential solutions. Then the D-Wave machine slowly fades the quantum state and quantum tunneling5,
superposition occurs, and entanglement and coherence manages interactions. As the quantum mechanical wave function
laid across possible solutions, it shows the solution sets that are most accurate. Nowadays, D-Wave makes quantum
leap with reverse annealing. It is now possible to give results from classical algorithms to the quantum annealer and
work backwards. The system starts with the classical state, then falls back in the annealing process introducing quantum
dynamics, rather than coming from a superposition of all possible states (candidate states) with equal weights, which is
a more similar approach to our implementation.
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